Diacylglycerol (DAG)/protein kinase C (PKC) signaling plays an integral role in the regulation of neuronal function. This is certainly true in Caenorhabditis elegans and in particular for thermosensory signaling and behavior. Downstream molecular targets for transduction of this signaling cascade remain, however, virtually uncharacterized. We investigated whether PKC phosphorylation of Munc18-1, an essential protein in vesicle trafficking and exocytosis, was the downstream effector for DAG regulation of thermosensory behavior. We demonstrate here that the C. elegans ortholog of Munc18-1, UNC-18, was phosphorylated in vitro at Ser322. Transgenic rescue of unc-18-null worms with Ser322 phosphomutants displayed altered thermosensitivity. C. elegans expresses three DAG-regulated PKCs, and blocking UNC-18 Ser322 phosphorylation was phenocopied only by deletion of calcium-activated PKC-2. Expression of nonphosphorylatable UNC-18 S322A, either pan-neuronally or specifically in AFD thermosensory neurons, converted wild-type worms to a pkc-2-null phenotype. These data demonstrate that an individual DAG-dependent thermosensory behavior of an organism is effected specifically by the downstream PKC-2 phosphorylation of UNC-18 on Ser322 in AFD neurons.
Introduction
Diacylglycerol (DAG) is a well characterized intracellular signaling messenger important in regulating neuronal function (Brose et al., 2004; Haucke and Di Paolo, 2007; de Jong and Verhage, 2009) . Production of DAG can be stimulated by extracellular signals, resulting in the activation of downstream effectors, whereas DAG can be removed from cells by conversion into phosphatidic acid by diacylglycerol kinases (DGKs). Within neurons, the best characterized targets for DAG are the synaptic vesicle priming factor Munc13 (Lackner et al., 1999; Nurrish et al., 1999; Rhee et al., 2002) and protein kinase C (PKC), itself a potent intracellular signaling protein within the nervous system (Morgan et al., 2005) . In Caenorhabditis elegans, DAG signaling regulates many intrinsic neural-dependent behaviors, in particular thermosensation. Loss-of-function mutations in pkc-1 display thermophilic thermotaxis, whereas dgk-1 diacylglycerol kinasenull worms are cryophilic (Okochi et al., 2005) . In contrast, dgk-3 is specifically essential in the resetting of temperature memory in an alternate assay for isothermal tracking (Biron et al., 2006) . Despite a defined role for DAG and PKC activation in regulating these thermosensory phenotypes, the downstream targets for the transduction of the regulatory signal within thermosensory neurons remain uncharacterized.
Munc18-1 is an essential synaptic protein required for synaptic vesicle fusion through its biochemical interactions with SNARE proteins. Importantly Munc18-1 is phosphorylated by PKC in vitro on Ser306 and Ser313 (Fujita et al., 1996; Barclay et al., 2003) , the latter residue being rapidly phosphorylated upon in vivo depolarization . Although phosphorylation of Munc18-1 increases vesicle pool replenishment (Nili et al., 2006) , alters fusion pore dynamics (Barclay et al., 2003) and is essential for DAG-induced synaptic potentiation (Wierda et al., 2007) a direct role for Munc18-1 phosphorylation in any defined DAG-dependent regulation of behavior is unknown. We aimed to identify a specific downstream effector for DAG-dependent regulation of behavior. We demonstrate that the C. elegans homolog UNC-18 is phosphorylated by PKC in vitro on Ser322, causing a reduction in closed-conformation binding to C. elegans syntaxin. Crucially, this single phosphorylation event on an individual protein underlies PKC-2 regulation of the thermosensitivity of C. elegans locomotion in a specific pair of thermosensory neurons.
Materials and Methods

Plasmid construction and recombinant protein production
UNC-18 was subcloned into pGEX-6p-1 for recombinant glutathione S-transferase (GST) fusion protein production. Recombinant proteins (GST, GST-UNC-18) were produced as described previously (Graham et al., 2009; Johnson et al., 2009 ). Removal of the GST tag from GST-UNC-18 was achieved by first binding GST-UNC-18 to glutathioneSepharose beads, washing with PBS, and then incubating with 960 l of chilled PreScission cleavage buffer and 40 l of GST-PreScission protease (GE Healthcare) for 16 h at 4°C with rotation. Glutathione-Sepharose beads were then centrifuged to a pellet, and the supernatant containing cleaved UNC-18 protein was removed. Point mutations (R39C, S311A, S311E, S322A, S322E, E465K) were introduced using the GeneTailor mutagenesis kit (Invitrogen).
In vitro phosphorylation and mass spectroscopy
For phosphorylation, 2 g of substrate protein (GST, GST-UNC-18, or cleaved UNC-18) were incubated in MES buffer (50 mM MES, 10 mM MgCl 2 , 1 mM DTT, 0.5 mM EDTA, pH 6.9) with 100 M ATP and 2 Ci [␥-32 P]ATP (GE Healthcare). The final reaction volume was 50 l, containing 700 mU of an active PKC catalytic subunit purified from rat brain (Calbiochem). For mock phosphorylation, the PKC catalytic subunit was omitted. Reactions were incubated at 30°C for 3 h before termination. To assess the specificity of protein phosphorylation, 20 l of arrested kinase reaction was separated on a 12.5% SDS-PAGE gel, stained with Coomassie Blue dye, and then destained overnight in destainer [35% ethanol, 2% glycerol (v/v) ]. Gels were air-dried in Hoeffer Easy Breeze plastic frames ( Thermo Fisher Scientific), exposed to a phosphor screen for 2-4 h, and scanned by a PhosphorImager 425 (Molecular Dynamics). To determine the in vitro phosphorylation site, both mock and PKC-phosphorylated samples were separated on NuPAGE 4 -12% Bis-Tris precast gels (Invitrogen) and stained with Coomassie Blue dye before excising protein bands. Gel plugs were thoroughly destained in 50% acetonitrile (v/v)/50 mM ammonium bicarbonate, dried, and then incubated in trypsin solution (5 ng/l in 50 mM ammonium bicarbonate) for 16 h at 37°C. Peptides were extracted from gel plugs by sonication in 60% (v/v) acetonitrile/1% (v/v) trifluoroacetic acid. Extracts were then dried completely and ZipTipped (Millipore) before electrospray ionization mass spectrometry (MS). Residual peptides were resuspended in 5% (v/v) acetonitrile/0.05% trifluoroacetic acid, and 5 l of each suspension were delivered into a QStar Pulsar I hybrid quadrupole time-of-flight MS (AB Sciex by automated in-line liquid chromatography (integrated LCPackings System, 5 mm C18 nano-precolumn, and 75 m ϫ 15 cm C18 PepMap column (Dionex). A gradient from 5 to 48% acetonitrile/0.05% trifluoroacetic acid (v/v) in 60 min was applied at a flow rate of 300 nl/min, and survey scans of 1 s were acquired for m/z 400 -2000. The three most intense ions were selected for tandem mass spectrometry (MS/MS) with accumulation times of 2 s and a dynamic exclusion of 30 s. Identification and analysis of peptide mass spectra was facilitated using MASCOT software (Matrix Science).
Binding of 35 S-labeled in vitro transcription-translation derived proteins to immobilized GST fusion proteins
The cytoplasmic domain of UNC-64 was produced using the TNT T7 Quick Coupled Transcription/Translation system (Promega) in the presence of ϳ0.6 MBq of [ 35 S]methionine (GE Healthcare) per reaction, as per the manufacturer's protocol. Glutathione-Sepharose beads were washed three times in binding buffer [150 mM potassium acetate, 1 mM MgCl 2 , 0.05% (v/v) Tween 20 and 20 mM HEPES, pH 7.4] and then incubated with either 2 M GST or GST-UNC-18 (wild-type or mutant) in a total volume of 200 l of binding buffer for 30 min. Fifty microliters of the bead/protein mix was then incubated with 5 l of 35 S-labeled in vitro transcription/translation product in a final volume of 100 l for 2 h at 4°C. Beads were then washed three times with binding buffer before eluting with Laemmli buffer. Proteins were separated by SDS-PAGE and transferred to nitrocellulose paper. Radiolabeled bands were visualized by exposure to autoradiography film for 3-4 h.
Protein three-dimensional structure production
Predicted model of UNC-18 (C. elegans ortholog of Munc18-1) was generated by the I-TASSER (Iterative-Threading/Assembly/Refinement) online server (Roy et al., 2010) , which predicts unknown structures based upon known ortholog information, protein-protein alignment, ab initio folding, and modeling. The three-dimensional representation of the structure was produced in PyMol (Delano Scientific).
Nematode culture and strains
C. elegans were grown under standard conditions on nematode growth medium (NGM) agar plates at 20°C with Escherichia coli OP50 as a food source as described previously (Graham et al., 2009; Johnson et al., 2009 ). The wild-type reference strain was Bristol N2. Mutant strains used in this study were unc-18 (e81), pkc-2 (ok328), pkc-1 (nu448), pkc-1 (nj3), tpa-1 (k501), hsf-1 (sy441), dgk-1 (ok1462), dgk-2 ( gk124 ), and dgk-3 ( gk110).
Nematode constructs and transgenes
Transgenic strains were generated by germline injection of expression constructs (5-20 ng/l) along with the co-injection marker sur-5::GFP (20 ng/l) into unc-18 (e81), dgk-2 ( gk214 ), pkc-2 (ok328), or Bristol N2 worms. Rescue experiments involved expression constructs carrying unc-18 cDNA (wild-type or with individual point mutations) under the control of the unc-18 genomic flanking regions. We and others have demonstrated previously that this construct rescues unc-18 (e81) worms phenotypically (Graham et al., 2009; Johnson et al., 2009 ). For pkc-2 (ok328) and dgk-2 ( gk124 ) rescue experiments, cDNAs encoding for pkc-2 (E01H11.1a) or dgk-2 (F46H6.2a.1) were first produced from a reverse-transcribed total RNA preparation isolated by standard protocols from Bristol N2 worms. Rescuing expression constructs were then generated by placing the pkc-2 and the dgk-2 cDNAs under the control of the pan-neuronal rab-3 promoter (gift from M. Nonet, Washington University School of Medicine, St. Louis, MO) (Mahoney et al., 2006) . AFDspecific expression was achieved using a gcy-8 promoter, a DNA fragment cloned from 2 kb upstream of the gcy-8 start codon (Mori et al., 2007) . AFD-specific expression was verified by co-injection with a GFP marker under the same promoter. Total injected DNA concentration was made up to 130 ng/l with empty pcDNA3.1(Ϫ) vector for all injections. Successful transgenic animals were indicated by GFP fluorescence or rescue of paralyzed phenotype where indicated. For each construct, 3-5 individual independently derived transgenic lines were isolated and analyzed; results presented here were consistent for all generated lines.
Protein extraction and Western blotting
Animals were harvested from 10 ϫ 60 mm diameter seeded NGM plates in chilled M9 buffer (42.3 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 85.6 mM NaCl, 1 mM MgSO 4 ). After the settling into a pellet, worms were washed three times in fresh M9 buffer and finally resuspended in 1 ml of worm lysis buffer [50 mM Tris/HCl, 150 mM NaCl, pH 7.6, 1.5% (w/v) n-octyl glucoside, and Protease Inhibitor Cocktail (Sigma)]. Worm suspension was lysed at 4000 psi in a One-Shot cell disrupter (Constant Systems) and incubated with rotation at 4°C for 1 h. Insoluble material was removed by centrifugation at 15,000 ϫ g for 30 min at 4°C. Soluble proteins were dissolved in Laemmli buffer (Sigma) and boiled. Protein lysates were separated by SDS-PAGE (12.5% gels) and transferred to nitrocellulose paper for immunoblotting. Antibodies used for immunoblotting: 1:1500 anti-␤-actin (Sigma) and 1:500 anti-PKC␣/␤/␥ (Calbiochem).
Reverse-transcription PCR
Animals were grown on two 60 mm NGM plates and harvested with chilled M9 buffer. Worms were centrifuged at 5000 ϫ g for 5 min, and the worm pellet was lysed in 400 l of TRI Reagent (Sigma). RNA was purified and first-strand cDNA was produced from 1 g of total RNA template using avian myeloblastosis virus reverse transcriptase and random primers (Promega) following the manufacturer's instructions. Endpoint PCR was performed with specific primers for pkc-1, pkc-2, tpa-1, or act-1 using GoTaq DNA polymerase (Promega).
Behavioral assays
All experiments were performed on young hermaphrodite animals from sparsely populated plates grown at 20°C. All C. elegans strains were cultured and assays performed in a temperature controlled room at 20°C.
Locomotion assays. Locomotion rate was measured as described previously (Graham et al., 2009) . Briefly, locomotion was quantified in solution as thrashes per minute (one thrash defined as one complete sinusoidal movement from maximum to minimum amplitude and back again). Single young adult hermaphrodites were removed from NGM plates and placed in a Petri dish containing 200 l of freshly made Dent's solution (140 mM NaCl, 6 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4 with bovine serum albumin at 0.1 mg/ml). Assessment of locomotion was performed 10 min following immersion in solution. At least 20 animals were recorded per strain tested per experiment. All data are expressed as mean Ϯ SE. Significance was assessed by Student's t test.
Temperature assays. To assess the temperature of locomotion failure, single adult hermaphrodites were placed in a Petri dish containing 200 l of freshly made Dent's solution. The Petri dish was then placed onto the center of a small Peltier effect thermoelectric device (Melcor) controlled by a DC power supply. A thermocouple was placed in the Dent's solution to record the temperature of the solution accurately and in real time. By gradually increasing the current into the Peltier device, the temperature of the Dent's solution was then raised ϳ1°C/min until the animal was deemed paralyzed. Paralysis was defined here as a total lack of movement in response to mechanical stimulation (gentle prod with a 0.125 mm tungsten probe). To assess the temperature dependence of locomotion rate, thrashing was recorded at both 20°C and 28°C following 10 min of acclimatization to that temperature. Single adult hermaphrodites were removed from NGM plates and placed in a Petri dish containing 200 l of freshly made Dent's solution. The Petri dish was placed onto the center of a small Peltier effect thermoelectric device and a thermocouple was placed in the Dent's solution. By increasing the current into the Peltier device, the temperature of the Dent's solution was raised to 28°C in ϳ1 min. Locomotion was then quantified 10 min after a stable temperature (Ϯ0.5°C) was attained. Thrashing was defined as described previously. Initial experiments on Bristol N2 wild types had determined that 28°C was an optimal temperature to determine differences in thermosensitivity of locomotion between strains. In these initial experiments, the experimental setup was identical to that described above; however, temperature was raised in 2°C increments from 20°C until animals were paralyzed. At each increment, the new temperature was reached in ϳ1 min followed by 1 min acclimatization and a 1 min locomotion recording time. When determining temperature dependence of locomotion, measurements were made as a percentage of mean locomotion rate for each strain at 20°C measured each day (at least 10 control animals per day). At least 20 animals were tested per strain. All data are expressed as mean Ϯ SE. Significance was tested by Kruskal-Wallis one-way ANOVA and post hoc comparison of means using the Mann-Whitney U test.
Aldicarb assays. Acute sensitivity to aldicarb (1 mM; Sigma) was assessed by measuring time to onset of paralysis following exposure to the drug as described previously (Lackner et al., 1999; Graham et al., 2009) . For each experiment 20 -30 animals were placed onto the center of a 60 mm unseeded NGM plate containing aldicarb. To assess paralysis worms were lightly mechanically stimulated every 5-10 min following drug exposure. Worms were deemed to be paralyzed when they failed to respond to stimulation. Where indicated worms were pretreated with 2 g/ml PMA for 2 h followed by exposure to aldicarb in combination with PMA. Experiments were performed at least three times.
Results
C. elegans UNC-18 is phosphorylated by PKC on Ser322
A prime candidate for a DAG/PKC signaling effector within the nervous system is the essential exocytotic protein Munc18-1. The ortholog of Munc18-1 in C. elegans, UNC-18, is also phosphorylated by PKC (Sassa et al., 1996) ; however, the precise phosphorylation site(s) and the physiological consequences within the nervous system are unknown. We first verified that UNC-18 was indeed phosphorylated in vitro. In the presence of 32 P-labeled ATP and the catalytic subunit of PKC, both GST-UNC-18 and proteolytically cleaved, tag-free UNC-18 were readily phosphorylated by PKC, whereas GST alone was not (Fig. 1A) . Under mock phosphorylation conditions where the kinase was omitted, none of the recombinant proteins were phosphorylated. Previous work speculated on Ser2, Ser322, Thr462, and Ser515 as potential PKC phosphorylation sites of UNC-18 (Sassa et al., 1996) . None of these residues are orthologous to the evolutionarily conserved Munc18-1 phosphorylation site (Ser313); therefore, an unbiased approach was employed to determine in vitro phosphorylation sites by mass spectrometry. Protein sequence coverage for phosphorylated UNC-18 (66% compared to 72% for mockphosphorylation) unfortunately did not cover Ser311, the orthologous residue to Munc18-1 Ser313. In addition, Ser2, Thr462, and Ser515 were not covered, thus leaving their status as potential phosphorylation sites unanswered. Mass spectrometry, however, did positively identify Ser322 as an in vitro site for PKC phosphorylation ( Fig. 1 B) .
With no existing structural data for the C. elegans protein, we generated a predicted model of UNC-18 using the I-TASSER online server (Roy et al., 2010) . As diverse Sec1/Munc18-1 (SM) proteins have very similar structures (Misura et al., 2000; Bracher and Weissenhorn, 2002; Hu et al., 2007) , we reasoned that an UNC-18 structure would likely be comparable. Our generated structure is arch shaped, similar to other SM proteins (Fig. 1C) . Ser322 is located within domain 3a in an adjacent region of the protein orthologous to Ser313 of Munc18-1 and partially matches the consensus recognition site of PKC (Fig. 1 D) . Critically, Ser322 is structurally accessible to a kinase contained within a disordered region of the protein and thus would act as a feasible in vivo phosphorylation site. That Ser322 is not the orthologous residue to the phosphorylation target of the mammalian protein is perhaps not surprising, as a recent evolutionary study of Cdk1 substrates indicates that precise phosphorylation site positioning is not conserved, with flexible movement within disordered regions being sufficient to preserve context-dependent regulation of protein interactions (Holt et al., 2009) .
Phosphorylation of Munc18-1 reduces closed conformation binding to the SNARE protein syntaxin (Fujita et al., 1996; Barclay et al., 2003) . Attempts to replicate this result with UNC-18 were unsuccessful, an outcome likely the consequence of a relatively low in vitro stoichiometry of phosphorylation. To circumvent this problem, we constructed recombinant proteins where Ser322 was mutated to either a phosphomimetic glutamate (UNC-18 S322E) or a phospho-null alanine (UNC-18 S322A), a technique previously used successfully for Munc18-1 (Barclay et al., 2003) . In a binding assay with the full cytoplasmic domain of C. elegans syntaxin (UNC-64), we found that UNC-18 S322E indeed had a specific reduction in binding as predicted (Fig.  1 E) . A reduction was not evident for the S322A mutation, nor were there any effects of mutations to Ser311 (the orthologous residue to Munc18-1 Ser313). These results indicate that UNC-18 is phosphorylated in vitro on Ser322 and support a role for PKC phosphorylation in reducing closed-conformation syntaxin binding, a similar outcome to that seen for the mammalian protein.
Phenotype of C. elegans UNC-18 Ser322 phosphomutants
The functional relevance of UNC-18 Ser322 phosphorylation was characterized in vivo by transgenic rescue of C. elegans unc-18 (e81)-null worms with plasmids expressing either wild-type (Wt), S322A, or S322E unc-18 under the control of its endogenous genomic promoter. The e81 allele carries a premature stop codon resulting in a null phenotype, reduced neuromuscular transmission, and paralysis (Sassa et al., 1999; Weimer et al., 2003) . Transgenic rescue with unc-18 S322A or S322E created phenotypically normal worms, qualitatively indistinguishable from transgenic rescues with Wt unc-18 (Fig. 2 A; Table 1 ). Physiological effects of the phosphomutants on locomotion were quantified by measuring the rate of thrashing and found to be statistically equal for transgenic rescue with any of the unc-18 constructs (Fig. 2 B) . Results were consistent for multiple independently derived transgenic lines as demonstrated previously (Graham et al., 2009 ). We also measured acute aldicarb sensitivity, which directly assesses the strength of neuromuscular signal-ing. Once again there was no difference between the Wt transgenic rescue and either Ser322 phosphomutant (Fig. 2C) . It remained possible, however, that effects of the mutations would not be evident unless under conditions of high phosphorylation. Worms pretreated with the DAG analog PMA are hypersensitive to aldicarb caused by the activation of UNC-13 (Lackner et al., 1999) and PKC-1-dependent phosphorylation of an as yet unknown target (Sieburth et al., 2007) . We tested the hypothesis that phosphorylation of UNC-18 Ser322 was involved in PMA-induced aldicarb hypersensitivity. Although an effect of PMA pretreatment on aldicarb sensitivity was evident, the effect was identical for all transgenic worm rescues (Fig. 2C ). These data indicate that phosphorylation of UNC-18 at Ser322 does not affect the strength of neuromuscular signaling in C. elegans and that the phosphorylation target for PKC-1 involved in PMA-induced hypersensitivity is not Ser322 of UNC-18.
Phenotype of C. elegans PKC mutants
The PKCs are a family of serine/threonine protein kinases implicated in a host of cellular functions (Steinberg, 2008) . The family is subdivided into cPKCs (conventional isoforms activated by both calcium and DAG), nPKCs (novel isoforms activated by DAG alone), and aPKCs (atypical isoform activity regulated by protein-protein interactions and PDK-1 phosphorylation). C. elegans only express three PKCs regulated by DAG (Tabuse, 2002) . Of these, both pkc-1 and tpa-1 are nPKCs, leaving pkc-2 as the only calcium-activated PKC (Fig. 3A) . Mutants lacking PKC-1 are resistant to the paralytic effect of aldicarb and are partially resistant to PMA-induced aldicarb hypersensitivity (Sieburth et al., 2007) . Initially isolated in a mutational screen for resistance to growth on phorbol esters (Tabuse and Miwa, 1983) , tpa-1 has also been implicated in a number of DAGregulated phenotypes (Waggoner et al., 2000; van der Linden et al., 2003; Van Buskirk and Sternberg, 2007) . Despite a clear link between the two nPKCs and DAGsignaling, virtually nothing is known about the role of PKC-2 in C. elegans. We obtained loss-of-function alleles for pkc-1 and pkc-2 and characterized the worms for locomotion and aldicarb defects. As reported previously (Sieburth et al., 2007) , pkc-1 (nu448) worms moved slower in solution than Bristol N2 wildtype worms ( Fig. 3B ; Table 1 ). This reduction in locomotion rate was also evident, although to a lesser degree, for pkc-2 worms. We verified that pkc-2 worms did not express PKC-2 by blotting worm extracts with an antibody for mammalian cPKCs. This determined that pkc-2-null animals did not express a protein of ϳ75 kDa that was expressed in Bristol N2, pkc-1, and tpa-1 worms (Fig. 3C) . This would equal a predicted size of two of the pkc-2 isoforms. We also confirmed that pkc-2 worms expressed transcripts for pkc-1 and tpa-1, indicating a specific lack of pkc-2 (Fig. 3D) . Finally, aldicarb sensitivity was measured for pkc-1 and pkc-2-null worms. Both PKC mutants showed a measurable resistance to aldicarb phenotype in comparison to wild type (Fig. 3E) . In addition, both mutants partially blocked PMA-induced aldicarb hypersensitivity (Fig. 3F ). Finally, we tested whether the aldicarb phenotypes of pkc-2 were a direct result of pkc-2 loss-of-function by transgenically expressing wild-type pkc-2 under the control of the pan-neuronal rab-3 promoter. Rescue of pkc-2-null worms indeed reverted the aldicarb phenotype similar to wild-type Bristol N2 sensitivity (Fig. 3 E, F ) . The involvement of PKC-1 in phorbol ester-mediated regulation of aldicarb responses has been demonstrated previously (Sieburth et al., 2007) ; however, these data indicate a novel role for PKC-2. tem and specifically in sensory neurons (Tabuse, 2002) ; thus, each could have potential roles in thermosensory signaling. We screened PKC-null mutants using a simplified acute thermal behavioral assay. Raising the temperature by 1°C per minute until paralysis determined that, in comparison to Bristol N2 controls, pkc-2 worms had a significantly higher temperature limit for locomotion (Fig. 4 A) . Transgenic rescue of pkc-2-null worms with neuronally expressed pkc-2 reduced the temperature of paralysis to wild-type levels. As an additional control, we used a loss-of-function hsf-1 (sy441) strain (HajduCronin et al., 2004) . In Drosophila, a link between heat shock protein expression and temperature sensitivity of locomotion has previously been established (Xiao et al., 2007) . In our experiments, hsf-1 worms were paralyzed at a lower temperature than wild types (Fig. 4 A) . Of two loss-of-function pkc-1-null alleles, nu448 had a lower temperature of paralysis, whereas nj3 was not different from wild type. These results indicated pkc-2-null worms specifically had a reduced temperature-dependency of locomotion.
The measured differences in paralysis temperature were significant, but limited. Therefore, we revised our protocol to assay locomotion rates at 28°C in an acutely acclimatized animal as a normalized percentage of room temperature (20°C) locomotion. The change in protocol served two purposes. First, we reasoned that the small differences seen for paralysis temperature during a rapid temperature upstep might be amplified for animals acutely acclimatized to the higher temperature. Second, we wanted to normalize the effects of temperature to endogenous locomotion rates, as wild-type Bristol N2 animals moved intrinsically faster than all three PKC mutants. We selected 28°C, as preliminary experiments determined it as an optimal temperature for demonstrating departure from room temperature locomotion rate in acclimatized animals. In agreement with earlier results, pkc-2 worms had a significantly enhanced rate of locomotion at 28°C in comparison to wild type (Fig. 4 B) . We then verified that this enhancement in temperature-sensitivity of locomotion was specifically the result of pkc-2 loss-of-function by testing the transgenic pkc-2 rescue worms and found that this completely eliminated the enhancement in temperature sensitivity of locomotion for pkc-2-null worms, reverting the temperature phenotype to a level statistically indistinguishable from that of wild type (Fig. 4 B) . Our control, hsf-1, was completely paralyzed at 28°C, as were the pkc-1 (nu448) worms. Using this revised protocol revealed that the alternative loss-of-function pkc-1 allele (nj3) also had an increased temperature-sensitivity, confirming that pkc-1 mutant worms demonstrate the opposite temperature phenotype to pkc-2 worms.
As UNC-18 could conceivably be phosphorylated by either PKC, we next examined whether our Ser322 phosphomutants would phenocopy either the pkc-2 or pkc-1 thermosensory effect. In the thermal paralysis assay, blocking PKC phosphorylation with the UNC-18 S322A transgenic mutant increased the temperature threshold for locomotion in comparison to rescues with wild type UNC-18 (Fig. 4C) . The phosphomimetic UNC-18 Figure 2 . Transgenic C. elegans expressing Ser322 phosphomutations are phenotypically wild type. A, The unc-18 (e81)-null allele was rescued transgenically by constructs expressing wild type (UNC-18 Wt) or mutant (UNC-18 S322A or UNC-18 S322E) UNC-18. Photographs depict trails left by five worms after 5 min moving through a bacterial lawn. Scale bar, 0.5 mm. B, Rate of locomotion of individual e81 transgenic rescues was quantified by counting thrashes per minute in solution. No statistical difference was evident for either phosphomutant versus transgenic rescue with wild-type UNC-18. C, Neuromuscular cholinergic release was quantified by exposing populations of individual transgenic rescues to 1 mM aldicarb (ϪPMA) and determining onset of paralysis following drug exposure by mechanical stimulation until paralysis of the total population of worms was attained. Concurrently, aldicarb experiments were performed following a 2 h pre-exposure to plates containing 2 g/ml PMA (ϩPMA) to hypersensitize worms to aldicarb. Data were analyzed from at least 20 -25 worms per transgenic line per experiment (N ϭ 3). S322E had the opposite phenotype, with paralysis occurring at a significantly decreased temperature. A further reduction from the wild-type worm phenotype would be expected if endogenous phosphorylation was not 100%, a result compatible with dynamics of Munc18-1 phosphorylation (de Vries et al., 2000; . Phenocopy of pkc-2 was also evident when assessing the rate of locomotion at 28°C as a percentage of room temperature locomotion. UNC-18 S322A mutants were barely affected by the temperature increase, whereas S322E mutants were completely paralyzed at 28°C (Fig. 4 D) . Biochemically, the S322E mutation decreased binding to closed conformation syntaxin, similar to that seen with the R39C mutation in either Munc18-1 or UNC-18 (Fisher et al., 2001; Johnson et al., 2009) . Transgenic rescue of unc-18 (e81)-null worms with a plasmid expressing unc-18 R39C produced an identical temperature-dependent locomotor phenotype as the S322E worms (Fig. 4C,D) . R39C worms were paralyzed at a lower temperature than wild types, and locomotion at 28°C was completely abolished. The effects of transgenic UNC-18 expression were specific to the mutations introduced, as an E465K mutation had no effect on thermosensitivity of C. elegans locomotion (Fig. 4C,D) despite its having an aldicarb resistance phenotype (Graham et al., 2011) . Taken together, these results indicate that the nonphosphorylatable UNC-18 S322A mutant indeed phenocopies PKC-2 loss-offunction to reduce the temperature sensitivity of locomotion, and that the effect is likely the result of a phosphorylationdependent decrease in binding to closed-conformation syntaxin.
Temperature sensitivity of locomotion is dependent on diacylglycerol levels
The increased temperature sensitivity of UNC-18 S322E phosphomimetic mutants implies that endogenous levels of wild-type phosphorylation is not absolute. Therefore, mutations that increase upstream PKC activation should have increased temperature sensitivity in comparison to wild-type worms. As cPKCs require coactivation by both calcium and DAG, we analyzed mutations that block the upstream intracellular removal of DAG for changes in temperature sensitivity. DAG can be removed from cells by diacylglycerol kinases through its conversion into phosphatidic acid. There are five dgk genes in C. elegans (dgk-1-5), of which at least two have previously been associated with temperature sensation (Okochi et al., 2005; Biron et al., 2006) . Testing specific loss-of-function mutants for dgk-1, 2, and 3 determined that only dgk-2 increased temperature sensitivity in comparison to wild type and phenocopied the gain-of-function mutation seen for S322E UNC-18 (Fig. 5) . The enhanced temperature sensitivity was specific for the dgk-2 loss-of-function allele, as transgenic dgk-2 worms expressing dgk-2 pan-neuronally had their temperature sensitivity enhanced to a level similar to that of pkc-2-null worms (Fig. 5) . As a reduction in neuronal DAG levels should occur in response to transgenic overexpression of dgk-2, this decrease in temperature sensitivity is consistent with the interpretation that endogenous phosphorylation of UNC-18 is not absolute. We then tested whether this dgk-2-specific phenotype was responsible for the increased sensitivity of UNC-18 S322E worms by creating transgenic worms expressing the Ser322 phosphomutants in the dgk-2 genetic background. There was no additive increase in dgk-2 temperature sensitivity upon expression of UNC-18 S322E; however, UNC-18 S322A increased temperature sensitivity to a level comparable with pkc-2-null mutants (Fig. 5) . Taken together these data support the conclusion that control of temperature dependency of locomotion via PKC-2 phosphorylation of UNC-18 is downstream of DAG signaling.
Phenotypic effects of blocking UNC-18 Ser322 phosphorylation is cell specific
Transgenic worms were next created overexpressing the UNC-18 Ser322 phosphomutants pan-neuronally in a Bristol N2 genetic background. Expression of UNC-18 S322A pan-neuronally increased locomotion rate at 28°C, making the temperature dependency of wild-type locomotion indistinguishable from that of pkc-2-null worms indicating that S322A overexpression could convert wild-type worms into the pkc-2-null phenotype (Fig.  6 A) . Conversely, UNC-18 S322E expression in wild-type worms caused an increase in temperature sensitivity consistent with the interpretation that endogenous phosphorylation of UNC-18 is not absolute (Fig. 6 A) . We also expressed the UNC-18 Ser322 phosphomutants pan-neuronally in the pkc-2 genetic back- (C2), and kinase domain (kinase) are depicted. Note that only pkc-2 has an active C2 domain. B, Rate of locomotion of individual PKC mutant worms ( pkc-1, pkc-2, tpa-1) was quantified by counting thrashes per minute in solution and comparing to those of wild-type worms (N2). Loss-of-function worms of pkc-1 and pkc-2 were significantly slower in comparison to wild types (*p Ͻ 0.05). C, Loss-of-function pkc-2 (ok328) worms do not express PKC-2 protein. Worm lysates were separated by SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted with an antibody to anti-PKC␣/␤/␥ and to ␤-actin. Protein bands indicated by PKC-2 arrow were ϳ75 kDa and were absent in the pkc-2 (ok328) worm lysates. D, Loss-offunction pkc-2 worms do express other PKC isoforms. Total RNA was purified from individual strains and used to generate cDNA. Primers specific to pkc-1, pkc-2, and tpa-1 were used to determine expression of mRNA by endpoint RT-PCR. E, Neuromuscular cholinergic release for pkc-1 and pkc-2 worms were quantified by exposing populations of individual transgenic rescues to 1 mM aldicarb. Both pkc-1 and pkc-2-null worms showed a resistance to the paralyzing effects of aldicarb in comparison to wild-type (N2) or pkc-2 rescue worms ( pkc-2ϩPrab-3::pkc-2). F, Release was also quantified in response to 1 mM aldicarb following pre-exposure to 2 g/ml PMA. Both pkc-1 and pkc-2-null worms showed a reduction in PMA-induced hypersensitization to aldicarb in comparison to wild-type (N2) or pkc-2 rescue worms . Data for both aldicarb experiments were analyzed from at least 20 -25 worms per transgenic line per experiment (N ϭ 3).
ground and confirmed that while UNC-18 S322A expression was not additive with the pkc-2 temperature phenotype, UNC-18 S322E expression was able to convert the pkc-2 worms to a phenotype similar to that seen with wild-type worms (Fig. 6 A) .
Finally, we determined whether the reduction in temperature dependence of locomotion caused by blocking Ser322 phosphorylation had a cell-specific point of origin. Temperature sensation in C. elegans involves pairs of parallel sensory neurons, the AFD neurons that respond specifically to increases in temperature (Kimura et al., 2004) , and the olfactory AWC neurons whose intracellular calcium levels fluctuate in response to changes in temperature (Kuhara et al., 2008) . Downstream of these neurons are a number of interneurons involved in sensory integration and processing, eventually synapsing onto the motor neurons (Mori et al., 2007) . PKC-2 is expressed in many, but not all, neurons, including head sensory neurons anterior and posterior to the nerve ring (Islas-Trejo et al., 1997). We determined whether an AFDspecific block of UNC-18 phosphorylation could also convert wild-type N2 worms to a pkc-2-null phenotype by expressing UNC-18 S322A in the AFD thermosensory neurons using a gcy-8 promoter (Fig. 6 B) and found that AFD-specific expression of the S322A mutant UNC-18 was as effective in conversion of wild-type phenotype as pan-neuronal expression (Fig.  6 A) . This result does not exclude phosphorylation of UNC-18 in other cells of the organism having phenotypic effects; however, it is consistent with the temperature-dependent effect on locomotion having its origin solely in the AFD thermosensory neuron.
Discussion
DAG signaling is intrinsically involved in the regulation of thermosensory signaling in C. elegans (Okochi et al., 2005; Biron et al., 2006) ; however, the downstream effectors for DAG remain uncharacterized. Our results suggest that DAG signaling occurs through PKC-2 activation, resulting in Ser322 phosphorylation of the essential exocytotic protein UNC-18. Mutational and binding experiments point to phosphorylation mechanistically reducing closed-conformation binding to syntaxin, as is the case for phosphorylation of the mammalian ortholog Munc18-1 (Fujita et al., 1996; Barclay et al., 2003) . Ser322 is contained within domain 3a of UNC-18, a region of the protein implicated in both 1:1 binding to syntaxin (Misura et al., 2000) , but also interaction with the assembled SNARE complex (Rathore et al., 2010; Hu et al., 2011) . The R39C mutation of Munc18-1/UNC-18 however reduces binding to isolated syntaxin (Fisher et al., 2001; Johnson et al., 2009 ), but not the SNARE complex (Shen et al., 2007) . Phenocopy of the temperature dependency of locomotion by the R39C mutation then supports the interpretation that the effects of the S322E mutation are due to changes in closed-conformation binding, although concomitant effects on SNARE binding cannot be excluded. We have previously shown that closedconformation binding of UNC-18 to syntaxin is not the essential function of the protein in exocytosis ), in agreement with previous results (Weimer et al., 2003) . Nevertheless, our data point to an important regulatory role for UNC-18 . Loss-of-function of PKC-2 or blocking Ser322 phosphorylation of UNC-18 results in decreased temperature sensitivity of locomotion. A, Indicated worm strains were placed in solution and temperature was increased 1°C/min until paralysis (verified by mechanical stimulation). In comparison to wild type (N2), both hsf-1 and pkc-1 (nu448) worms were paralyzed at a lower temperature (*p Ͻ 0.01), whereas pkc-2 worms were paralyzed at a higher temperature (*p Ͻ 0.01). Both pkc-1 (nj3) and the pkc-2 rescue worms were not significantly different from wild type. B, Locomotion rates of indicated strains at 28°C (open bars) were quantified as a percentage of locomotion at room temperature (20°C; filled bars). In comparison to wild-type (N2), there was a substantial reduction in locomotion at elevated temperature for hsf-1 worms and for both pkc-1 alleles (*p Ͻ 0.01). Loss-of-function pkc-2 worms moved significantly faster at elevated temperatures in comparison to wild-type and to pkc-2 worms transgenically rescued with pkc-2 ( pkc-2ϩPrab-3::pkc-2) (*p Ͻ 0.01). C, Temperature of paralysis of unc-18 (e81) worms rescued with the indicated unc-18 transgene was assessed as described above. In comparison to rescue with wild-type unc-18 (Wt) worms expressing either S322E or R39C, unc-18 point mutations were paralyzed at a lower temperature (*p Ͻ 0.01) whereas those expressing S322A unc-18 were paralyzed at a higher temperature (*p Ͻ 0.01). There was difference in paralysis temperature between wild-type and E465K unc-18 worms. D, Locomotion rates at 28°C (open bars) were quantified as a percentage of locomotion at room temperature (20°C; filled bars) as described above. In comparison to unc-18 (e81) worms transgenically expressing wild-type (Wt) unc-18, worms expressing unc-18 with S322E or R39C point mutations moved significantly slower at elevated temperatures (*p Ͻ 0.01). Transgenic rescues expressing unc-18 with the S322A point mutation moved significantly faster at elevated temperatures (*p Ͻ 0.01). There was no difference in paralysis temperature between wild-type and E465K unc-18 worms. Figure 5 . Changes in diacylglycerol levels affect temperature sensitivity of locomotion. Locomotion rates at 28°C (open bars) were quantified as a percentage of locomotion at room temperature (20°C; filled bars) as described in previous figures. Wild-type N2 and loss-of-function pkc-2 worms were compared to loss-of-function mutations in individual diacylglycerol kinase mutant worms. There was a specific increase in temperaturesensitivity of dgk-2 worms in comparison to wild-type, dgk-1, or dgk-3 (*p Ͻ 0.01). Transgenic overexpression of dgk-2 pan-neuronally (dgk-2 ϩ Prab-3::dgk-2) or expression of the UNC-18 S322A phosphomutant in the dgk-2 background (dgk-2 ϩ unc-18 S322A) decreased temperature sensitivity of the dgk-2 allele to a level similar to that of the pkc-2-null phenotype (*p Ͻ 0.01). Transgenic expression of the UNC-18 S322E phosphomutant (dgk-2 ϩ unc-18 S322E) had an increased temperature sensitivity in comparison to wild-type (*p Ͻ 0.01) but were statistically equivalent to the dgk-2-null phenotype. Significance was assessed by Kruskal-Wallis one-way ANOVA and post hoc comparison of means by Mann-Whitney U test.
phosphorylation in response to DAG signaling, possibly limited to specific cells or under certain environmental conditions. Phosphorylation of Munc18-1 can increase vesicle pool replenishment (Nili et al., 2006) and alter fusion pore dynamics (Barclay et al., 2003) . Either of these changes to exocytosis, via classical or peptidergic transmission, could alter the signaling dynamics from the AFD thermosensory neurons, ultimately regulating the downstream locomotor patterns and behavior of the organism.
Our data point to a specific signaling pathway involving DAG activation of the classical PKC, PKC-2, and phosphorylation of UNC-18 in the regulation of acute temperature sensitivity of locomotion. It remains possible however that these effects on locomotion rate may be different in response to increased duration or more severe thermal challenges. Any role of the DAG-PKC-2 signaling pathway in longer-term changes to temperature sensitivity then remains to be formally tested. In addition to pkc-2, however, a role for pkc-1 was also implicated. Analysis of two independent null alleles confirmed that pkc-1 mutants display the opposite phenotype to that seen for pkc-2, an increase in temperature sensitivity. Although the phenotype was indeed consistent for both pkc-1 alleles, there was a noticeable difference in the magnitude of the phenotype. Such a difference may be the result of secondary mutations, inherent strain differences, or even differences in the specific allele mutation. PKC-1 is expressed in the AFD neurons, and loss-of-function pkc-1 worms display thermophilic thermotaxis (Okochi et al., 2005) . Therefore, a role for pkc-1 in temperature sensitivity is perhaps unsurprising. It is unexpected, however, that loss-of-function mutations in two similar DAG-activated PKC isoforms have contrary phenotypes. This suggests the possibility that distinct DAG pathways, possibly within the same cells, could regulate temperature-dependent phenotypes in different ways. Indeed, three separate thermal phenotypes in C. elegans have specifically implicated different dgk isoforms, dgk-1 (Okochi et al., 2005) , dgk-2 (this paper), and dgk-3 (Biron et al., 2006) .
We have characterized Ser322 of UNC-18 as an identified phosphorylation site sufficient to determine regulation of temperaturedependent phenotypes. Phosphorylation of UNC-18 Ser322, however, was not involved in DAG-regulated potentiation of signaling strength at the neuromuscular junction, although we have demonstrated a novel role for activation of PKC-2. Original work in this area pointed to DAG acting through the C1 domain-containing synaptic protein UNC-13 (Lackner et al., 1999; Nurrish et al., 1999) . More recent work has also implicated PKC-1; however, effector targets for PKC-1 were left uncharacterized, although both UNC-18 and SNAP-25 were excluded (Sieburth et al., 2007) . Our results support the conclusion that UNC-18 is not a part of the pathway underlying DAG stimulation of neuromuscular junction signaling. It remains possible, however, that synergistic phosphorylation of multiple sites within the same protein, or indeed among distinct proteins, could be either the PKC-1 or PKC-2 targets within motor neurons.
Sensory signaling and resultant behavior can be regulated via DAG signaling pathways within diverse sensory neurons. In C. elegans, for example, odor preference can be altered by DAG signaling in the AWC neurons through pkc-1 activation, resulting in altered postsynaptic calcium responses (Tsunozaki et al., 2008) . Olfactory adaptation in AWC neurons also requires DAG signaling as dgk-3; dgk-1 double mutants have defective adaptation (Matsuki et al., 2006) . Regulation of mechanoreception in C. elegans sensory neurons utilizes a DAG pathway, signaling through pkc-1, to alter evoked calcium transients (Kindt et al., 2007) . In each instance, the targets of the DAG signaling pathway should affect a presynaptic alteration to exocytosis/synaptic transmission that results in altered postsynaptic activation; however, the involved downstream effectors have not been identified. We characterize here a specific downstream effector, identified as a prime component of the exocytotic machinery, in the regulation of C. elegans behavior.
Thermosensation in C. elegans involves the integration of bidirectional sensory information from both inhibitory AFD and stimulatory AWC thermosensory neurons (Ohnishi et al., 2011) . AFD neurons can also regulate the heat shock response of somatic cells, likely through long-range neuroendocrine signaling (Prahlad et al., 2008) . Synaptic transmission from the AFD neuron is both glutamatergic (Ohnishi et al., 2011) and peptidergic (Narayan et al., 2011) in nature. Regulation of thermosensation in C. elegans can originate from the AFD neurons via cell-specific DAG signaling (Okochi et al., 2005; Biron et al., 2006) . Although the upstream molecular components of thermosensation within AFD have been extensively characterized, identification of regulatory downstream effectors has thus far been lacking. AFD neurons discriminate differences in temperature by raising calcium Figure 6 . AFD-specific block of UNC-18 Ser322 phosphorylation converts wild-type temperature-sensitivity into a pkc-2 loss-of-function phenotype. A, Locomotion rates at 28°C (open bars) were quantified as a percentage of locomotion at room temperature (20°C; filled bars) as described in previous figures. Wild-type (N2) and pkc-2-null worms were transgenically engineered to overexpress the UNC-18 phosphomutants. In comparison to untransformed wild types, worms expressing S322A either pan-neuronally (ϩunc-18 S322A) or specifically in AFD neurons (ϩPafd unc-18 S322A) moved significantly faster at 28°C (*p Ͻ 0.01) and were statistically indistinguishable from either pkc-2-null worms or pkc-2 worms expressing S322A. The locomotion rate at 28°C of pkc-2 worms and pkc-2 worms expressing S322A (ϩunc ϭ 18 S322A) were not statistically different from each other. Conversely, expression of S322E (ϩunc-18 S322E) pan neuronally increased temperature sensitivity (*p Ͻ 0.01) in either the Bristol N2 or pkc-2-null background. Temperature sensitivity of locomotion in N2 worms expressing S322E (ϩunc-18 S322E) was increased in comparison to pkc-2 worms expressing S322E (*p Ͻ 0.01). Significance was assessed by Kruskal-Wallis one-way ANOVA and post hoc comparison of means by Mann-Whitney U test. B, Photograph depicts wild-type worm expressing GFP specifically in the AFD neurons. Bristol N2 worms were transgenically engineered to express UNC-18 S322A in the AFD neurons using a gcy-8 promoter. Successful transformation was identified by co-injection of a GFP reporter plasmid under the control of the same promoter.
concentration transiently in response to warming (Kimura et al., 2004) . This increase in calcium, in turn, would activate PKC-2, as it is the only calcium-dependent cPKC within the C. elegans genome, thus initiating reversible phosphorylation of downstream targets such as UNC-18. Using genetic approaches, we have demonstrated that AFD cell-specific, PKC-dependent phosphorylation of UNC-18 regulates the thermosensitivity of C. elegans locomotion. Interestingly, thermosensitivity of larval locomotion in Drosophila can be altered by increased activity of the serine/threonine protein phosphatase PP2A (Dawson-Scully et al., 2007) , which would be an alternative route to regulate levels of PKC-dependent phosphorylation. We conclude that dynamic regulation of animal behavior in response to changing environmental temperature can occur via specific PKC-2-dependent phosphorylation of the exocytotic protein UNC-18 in a single thermosensory neuron pair.
